Introduction
When a system (natural or man-made) reaches a certain level of complexity, it becomes very difficult to grasp all of its underlying dynamics, and therefore, it becomes less controllable and less reliable [1] . However, the needs of the modern individual are fulfilled using extremely complex systems. What would our society be without computers, satellites, medicines, mega-software and free market? Complex systems are the foundation of our lifestyle but they have become very difficult to design. Nature offers to us some remarkable examples of how to deal with complexity and its associated unreliability. For example, the human body is possibly one of the most complex systems ever known. Failures are not rare, but the overall function is highly reliable because of the self-diagnosis and self-healing mechanisms that work ceaselessly throughout our bodies [2] . This mechanisms are the result of millions of years of our gene's evolution. Evolving instead of designing seems to be an answer when dealing with complexity [3] .
During the past few years the work done on evolvable systems has generated some remarkable results. Genetic algorithms, neural networks, artificial brains, genetic engineering and evolvable hardware are just a few examples of this novel approach. What is in evolution that is so attractive for hundreds of engineers and scientists?. The answer can be found in the characteristics that evolved systems present like, for example, adaptation, autoregulation and learning.
To try to find a universal definition for evolution seems to be a fruitless search. The Oxford Dictionary of Current English defines evolution as "origination of species by development from earlier forms; gradual development of phenomenon, organism, etc." [4] . The first definition restricts evolution to natural (or artificial) selection; the second, uses the term as a synonym for development. Evolution, in a broad sense, is much more than that. There might be a different definition for every person working on the field. Evolution has different meanings for biologists, engineers, geneticists, software developers and priests. But, whatever the definition, there is an element that appears in all of them: Change.
We perceive evolution as the continuous change of state in dynamic complex systems. Planetary systems, species and Economics although different in essence, all share the common attribute of perpetual change. It is us who, in an attempt to understand and predict the behaviour of such phenomena, try to find some coherent transition from one state to the next one. Change is the only objective attribute of dynamic complex systems, anything else is subjective interpretation.
The POE model
Sánchez et al. [5] , proposed the Phylogeny-Ontogeny-Epigenesis model (POE model) as a way to represent the evolutionary processes that take place in species, individuals and behaviours respectively.
Phylogeny embraces the evolution of species when genes are passed from one generation to the next. This is the kind of evolution usually associated with natural selection, where little errors that take place during the copy of genes (mutations) originate new traits on the species. This traits, in some cases, allow the species to better adapt themselves to changes in the environment. Phylogeny is evolution as species adaptation.
Ontogeny refers to the evolution (development, change of state) of multicellular organisms during their embryonic phase. When reproduction takes place, the new individuals are formed out of a single cell (the fertilised egg). During the following weeks after conception, the mother cell and all its offsprings copy themselves continuously following the "instructions" stored in their DNA strand (the genome). During this reproductive process cells differentiate to shape the different tissues, organs and limbs that characterise a complete healthy individual of a particular species. Ontogeny is evolution as embryonic development.
Epigenesis is the evolution of individuals' ability to respond to changes in the environment through learning. After birth every individual must adapt to the environment (society, geography, historical context) on which he/she has to live. To achieve adaptation every individual is born with a set of systems defined by the genome (nervous system, immune system and endocrine system), which suffer modifications when interacting with the outside world. Hence, epigenesis is evolution as learning.
The POE model can be represented as three orthogonal axis, as shown in figure 1.
Human-made evolvable systems can be classified using the POE model.
The work on genetic algorithms and evolvable hardware can be placed on the phylogeny axis.
Research on artificial intelligence and learning systems can be situated in the epigenesis axis.
On the ontogeny axis would be the works on self-reproducing cellular automata such as the embryonics project.
The Embryonics project
Embryonics is the application of concepts borrowed from molecular biology and embryonic development to the design of a new family of field programmable gate arrays (FPGAs) [6] [7] . By adopting the features of biological cellular organisation, and by transposing them to the two-dimensional world of cellular arrays, it can be shown that properties unique to the living world, such as self-reproduction and self-repair, can also be applied to integrated circuits. Figure 2 shows the basic architecture of an embryonic system:
The address generator assigns to each cell an individual set of co-ordinates, which depend exclusively on the co-ordinates of the nearest south and west neighbours. The logic block is controlled by a configuration register which is selected by the corresponding co-ordinates. When a fault is self-detected by a cell, it becomes transparent for the calculation of co-ordinates allowing another cell to take its co-ordinates and therefore its function.
This architecture presents the following advantages:
• It is highly regular, which simplifies its implementation on silicon.
• The actual function of the logic block is independent from the function of the remaining blocks. This modularity can be exploited to produce a family of embryonic FPGAs, each member offering a particular logic function, e.g. ALU, MUX, microprogrammed [8] [9] .
• The simplicity of blocks' architecture allows the implementation of built-in self test (BIST) logic to provide self-diagnosis without excessively incrementing the silicon area [10] . A full description of the self-diagnosis system can be found in [11] .
Digital data are transmitted from one cell to its neighbours through a North-East-West-South (NEWS) connection. The I/O router block allows the spread of information over all the array. This block is controlled by one section of the corresponding configuration register. 
Fig. 2 Basic Components of an embryonic System
The reconfiguration logic is designed such that when a cell auto-diagnoses faulty, the row for the corresponding cell is eliminated and replaced by a spare row. Co-ordinates for the cells above the eliminated row are recalculated and new configuration registers are selected accordingly. This strategy is far from being optimal with respect to the use of spare resources, but the logic needed to implement it is simple and sufficient to probe the fault tolerance properties of embryonic arrays. A detailed description of the cell can be found in [12] .
The design cycle for implementing a system based on embryonic arrays is the following:
1. Express the function to be implemented as a set of Boolean equations.
2. Obtain the BDD for each one of the equations.
3. Replace each node of the BDDs with a 2-1 multiplexer, using the node's variable as selection input and the outputs of the node as inputs to the multiplexer.
4. Map the network of multiplexers into an array of embryonic cells, assigning one multiplexer to each cell. This has been experienced to be the most difficult step due to the finite connectivity of the cells.
5. Obtain the configuration register for each cell in the array. The set of all configuration registers conforms the genome of the application.
Once the genome is downloaded into every cell of the physical array, it is ready to perform its functionality. For every cell that auto-diagnoses faulty, the co-ordinates are re-calculated automatically, allowing the array to keep performing the desired function
Example
To probe the fault tolerance properties of embryonic systems a simple application was chosen. A multiplexer was selected to be the functional part of the basic cell. The multiplexer has the particular characteristic of being able to implement any node from a binary decision diagram (BDD), which in turn can represent any combinatorial or sequential logic function. Therefore, the resulting architecture is ideal to be implemented as an FPGA [13] .
Our example is the implementation of a 2-bit up-down counter. Figure 3 shows the development of the counter from its transition table specification to its hardware implementation using multiplexers. BDDs must be evaluated from top to bottom. If the variable on each node takes the value 0, then the branch with a broken line is selected. Otherwise, if the variable takes the value 1, then the branch represented with a solid line is followed. The final nodes on a BDD represent the output of the function for a particular set of input values. A good tutorial on BDDs can be found in [14] and [15] . Figure 4 show the mapping of the multiplexers network into a 4x4 embryonic array. The numbers on the cells correspond to the numbering in figure 3c . Figure 4a presents the array without failing cells. Figure 4c shows the array after reconfiguration due to a fail in cell 3 (Fig. 4b) .
The system was simulated using the WorkView Plus platform from ViewLogic. Figure 5 show the behaviour of the counter under the case presented.
In figure 5 , signal U/D' is the ascending/descending control input. OK3 corresponds to the diagnosis output of cell 3. Notice that when OK3 goes to logic 0, there is a time interval on which the output of the counter is not reliable just before returning to normal behaviour. This is due to the reconfiguration process being carried out.
Conclusions
Evolution is perceived by the change of state in a dynamic complex system. In this broader sense, we can apply the attribute "evolvable" to numerous man-made systems whose configuration or response is influenced by the environment. Genetic algorithms, neural networks, artificial intelligence projects and embryonics can all be classified as evolvable systems.
By adopting the mechanisms underlying the developmental process of embryos, embryonic systems present interesting characteristics that make them an attractive alternative for the design of fault-tolerant systems. The embryonics approach is coherent with a recent rise in the interest shown by the scientific community for applying biological concepts to the solution of engineering problems [16] [17] .
We have demonstrated with an example that embryonic systems posses the attribute of fault tolerance in the same way as biological systems do. In multicellular organisms, the failure (death) of one cell does not impact on the overall functionality of the tissue/organ/limb affected because of the tremendous amount of redundant elements available. If a cell or small group of cells die, their function is replaced by their healthy neighbours. Embryonic arrays seem to successfully mimic this mechanism.
We still are in the early stages of the embryonics project, but the results obtained so far are encouraging to keep investigating on the application of biological concepts to the design of engineering systems. 
